This paper investigates the impact of diversity reception on the performance of Bluetooth (BT) packet transmission in wireless channels with fast fading and shadowing and in the presence of IEEE802.11g interference. In particular, selection diversity (SD) technique is considered and the adoption of this technique results in a coverage extension evaluated in the paper. We first derive a tight parametric exponential approximation for the instantaneous bit error probability (BEP) in additive white Gaussian noise (AWGN); then, from this expression, we derive the mean block error probability (BLEP) in Ricean fading channel by adopting a simple SD scheme. The analysis is then extended to the evaluation of the mean packet error probability (PEP) and the coverage probability (P cov ). In particular, the impact of the diversity order on the BLEP, PEP, and P cov is shown.
in the 2.4 GHz ISM band: the IEEE802.11g wireless local area network (WLAN) technology.
Most of solutions proposed in the literature to allow the coexistence of BT and WLAN devices are based on power control adjustments and scheduling policies, while others involve antenna diversity [3] [4] [5] [6] [7] . Diversity techniques, in particular, have been shown to effectively counteract the effect of fading in wireless communications; thus, in this work we consider the adoption of multiple antennas at the receiver side of the BT link in order to assess the possible performance improvement also in the presence of interference. Here in particular, we consider a simple selection diversity (SD) combiner scheme, that is, the simplest form of diversity reception, whereby the received signal is selected as one among the N available diversity branches [8] . It is worth noting that, owing to its easy implementation, the SD scheme is fully compliant with the low-cost nature of BT devices; moreover, the adoption of multiple antennas (placed, for instance, in the back of a BT enabled laptop screen) at the receiver side changes neither the spectral shape, nor the modulation format, thus being perfectly consistent with BT specifications, even with reference to the enhanced BT version [2] .
The innovative contribution of this paper lies in the derivation of an analytical framework able to express the BT performance when multiple antennas are adopted at the receiver side and the communication is performed in the presence of additive white Gaussian noise (AWGN), Rayleigh fading, log-normal shadowing as well as IEEE802.11g interference, taking into account also the modulation format, the presence of Forward Error Correction (FEC) coding, and frequency hopping. By considering real propagation environments, both small-scale and large-scale effects (due to fast fading and shadowing, respectively) are properly taken into account (see, e.g., Reference [9] ).
Note also that when real-time applications are considered, figures of merit averaged over fast fading, such as the mean bit error probability (BEP) or the mean packet error probability (PEP) derived in the following, are not sufficient to suitably characterize the system performance, hence the coverage probability P cov , that is the probability the PEP does not exceed a tolerable given threshold, is also derived in this paper as an important index of the system performance over large-scale effects (see, e.g., [10] ).
The paper is organized as follows: in Section 2 a brief overview of BT and IEEE802.11g is given to highlight main characteristics taken into account and the scenario considered is described. The analytical expressions for the block error probability (BLEP) in the presence of noise and noise + interference are derived in Section 3 and in Section 4, respectively. The analytical expressions of PEP and P cov are then derived in Section 5 while in Sections 6 and 7 the numerical results are provided and the final conclusions are drawn.
Technologies Overview and Scenario
A brief description of the two technologies acting in the proposed framework is firstly reported in this section to recall the main characteristics that will be considered in the following.
BT
Designed to operate in a noisy and potentially interfered radio frequency environment, BT adopts a time-slotted frequency-hopping spread-spectrum scheme with a FEC coding technique [2] . In the ISM band, a set of 79 hop carriers separated by 1 MHz has been defined. A binary Gaussian shaped frequencyshift-keying (GFSK) modulation scheme is applied in order to reduce cost and device complexity and a symbol rate of 1 Mbit/s can be achieved for an occupied bandwidth of about 1 MHz hop by hop. Both real-time, constant rate, synchronous connection-oriented (SCO) links and variable rate, asynchronous connection-less (ACL) packet data links, that differentiate by the FEC schemes are adopted for the payload.
IEEE 802.11g
As far the IEEE 802.11g WLAN technology is concerned, for our purposes it is sufficient to recall that it is based, at the Physical level, on the Orthogonal Frequency Division Multiplex (OFDM) Access and operates in the 2.4 GHz ISM band with a bandwidth of about 22 MHz.
Scenario
In the scenario considered, an IEEE802.11g and a BT link are simultaneously active in an indoor environment. We assume that both the BT link and the IEEE802.11g link are affected by fast fading (please note that the framework is general with respect to fast fading statistics, that will be specified only for obtaining numerical results) and shadowing. We denote with C and I the useful and interfering powers, instantaneously received by the BT device, given by:
where P U and P I are the useful (BT) and interfering (IEEE802.11g) transmitted power levels, respectively, PL(d) is the general path loss law as a function of the distance d between the transmitter and the receiver, d U is the distance between the useful transmitter and the receiver and d I is the distance between the BT receiver and the IEEE802.11g interfering transmitter. The parameters α 2 U and α 2 I represent the fast fading power gains, while S 2 U and S 2 I denote the shadowing affecting the useful and interfering links, respectively. Hence, the mean powers averaged over the fast fading statistics become [11] :
BLEP Evaluation
As far as the model of the physical level is concerned, we assume (after carefully checking through bit level simulations) the following parametric exponential expression for the BT BEP:
where γ is the instantaneous signal-to-noise ratio (SNR) in terms of symbol energy over one-side thermal noise power spectral density, and parameters a and b have to be properly chosen depending on the normalized maximum frequency deviation f d T , f d being the maximum frequency deviation and T the symbol time.
The accuracy of Equation (5) has been validated through simulations showing a good agreement, as reported in Figure 1 referred , we found that a tight approximation can be obtained when a = 0.08 and b = 0.13. § By passing through, note that with proper choice of parameters a and b, we verified that the accuracy of Equation (5) results to be satisfactory also for coherent schemes.
The relevance of Equation (5) is that it allows the mathematical derivation of overall performance figures (such as the PEP) thus avoiding time consuming bit level simulations.
The first step in deriving the performance figures is the evaluation of the instantaneous and mean BLEP. Assuming independent errors on a block of N BL bits and by means of Equation (5), the instantaneous BLEP, that is the probability to have at least an error in a block of bits, can be written as
We assume the fast fading to be constant over a block, with mean value of the SNR equal to γ, and independent identically distributed (i.i.d.) over antennas. Hence, by averaging the instantaneous BLEP over fast fading statistics, we obtain the following expression for the 588 B. M. MASINI ET AL.
mean BLEP:
Recalling the definition of the moment generating function (MGF) [8, [12] [13] [14] [15] of γ, that is, γ (s) E γ {e sγ }, Equation (7) takes the following form
Note that expression (8) is general with respect to the diversity reception technique and combining scheme as well as the fast fading statistics, once the proper MGF is known (as example results, in Section 6 some particular cases for the signal knowledge at the combiner and fast fading statistics will be considered).
BLEP Evaluation in the Presence of Interference
Now we extend the analysis to the case of BT transmission interfered by an IEEE802.11g signal. We assume the fast fading level for both the useful and the interfering links as i.i.d. The IEEE802.11g system adopts the orthogonal frequency division multiplex (OFDM) modulation scheme [16] . An exact analysis of the interference impact on the BT receiver performance appears to be prohibitive. However, as shown in Reference [17] , whatever the type of modulation adopted for each subcarrier (BPSK or M-QAM), the OFDM signal can be modeled, from the viewpoint of statistical characteristics, as a sum of N t tones, where N t is the number of the OFDM subcarriers. As verified in Reference [17] , this approximation does not affect the analysis in several practical scenarios. Therefore, denoting with H I (f ) the transfer function of the channel experienced by the interfering signal, and with H R (f ) the transfer function of the receiver filter, we can write the approximated IEEE802.11g signal expression at the output of the receiver filter at the generic sampling time t 0 as:
where
) is the nth subcarrier frequency, f the subcarrier spacing, and f 0 the center frequency. The term α n |H I (f n )| · |H R (f n )| has the same statistics of the amplitude fast fading gain (not necessarily independent distributed). Since we are assuming the interferer asynchronous with respect to the desired signal, we model the offset delay τ and phase shift ψ between the useful and interference signals as a random variables (r.v.), the latter uniformly distributed in [0, 2π). The φ n are i.i.d. random phases due to modulation with i.i.d. symbols for each subcarrier and θ n arg{H I (f n )} is uniformly distributed in [0, 2π). Hence, following the approach in Reference [17] , we can write:
where ϕ n is uniformly distributed in [0, 2π). In deriving Equation (10) we have taken into account that since τ is a random time delay, the term −2πf n τ is uniformly distributed in [0, 2π), so it absorbs the variations due to ψ, θ n , and φ n , making the argument of the cosine function a new r.v. with the same distribution. Note that the IEEE802.11g subcarriers frequency spacing [16] is 0.3125 MHz, thus, in the useful BT band of 1 MHz [2] there are not more than three OFDM subcarriers. Hence, the interfering signal in the useful band is given by:
The last equation is the sum of three correlated Gaussian r.v.'s (each contribution is an angle modulated signal affected by Rayleigh fading, thus Gaussian distributed [18] ). Considering that typical indoor channel coherence bandwidth values are larger than 1 MHz, the fading coefficients α n result to be correlated within the BT useful band. It can be shown that, through a linear transformation it is possible to transform the sum of correlated Gaussian random variables in a random variable that is still Gaussian distributed [21] . Hence, by assuming correlated fading coefficients within the 1 MHz useful band, we can write: which is Gaussian distributed. By means of this result and following the procedure in Reference [11] , the BLEP averaged over fading statistic in the presence of interference is still given by Equation (8) simply replacing γ with the mean signal-to-noiseplus-interference ratio γ (I) and using proper MGFs. It results in the following P BL averaged over fading realizations:
with mean signal-to-noise-plus-interference ratio SNIR given by
the parameter F being a coefficient depending on the interfering signal pulse shaping and the receiving filter, whereas f is a coefficient depending on the frequency offset f between the useful and interfering carriers [11] . The parameter f is normalized so that 1 = 1 when f = 1 MHz, and F is tuned as a consequence. The coefficient f can be obtained by calculating the interfering power at the output of the BT receiver filter, normalized to the reference case of f = 1 MHz. Note that, when a IEEE802.11g signal is involved, the evaluation of f is made following the OFDM nature of the considered signal. In fact, the power spectral density of IEEE802.11g is significant in 22 MHz band and it can be considered constant within this interval (see Reference [16] ). Hence, it can be found that f = 1 for each value of f in [f 0 − 11 MHz, f 0 + 11 MHz], whereas, when | f | > 11 MHz the effect of the interference can be neglected (hence, f = 0 in this case).
PEP and Coverage Evaluation
In this section, we derive the mean PEP of the BT link taking both thermal noise and interference generated by IEEE802.11g into account as well as the channel coding techniques adopted by BT. In fact, BT data and voice packets are composed by three fields (access code, header, and payload) that are protected against errors through different FEC block codes [2] . Thus, to evaluate the instantaneous PEP, the errorcorrection capabilities of the FEC codes adopted in the different packet fields have to be considered. However, as shown in Reference [11] , since in a BT data packet the payload is the longest and least protected field, the PEP almost coincides with the payload error probability after decoding, PE pl :
After some algebra it is possible to derive the following expression:
is the codeword error probability (CEP) and N c is the number of codewords in the payload. For codewords of N b bits and FEC codes able to correct up to t errors per codeword with hard decision, the CEP results in:
Hence, by averaging over fast fading and using Equation (15) , the mean PEP can be approximated as follows: 
Thus, we obtain
that can be rewritten, through Equation (8), as
with A = f , leading to the following mean PEP expression:
Now, by denoting with L wl the probability of time collision between the transmitted BT packet and interferer (L wl being an indicator of the IEEE802.11g activity factor), and averaging PEP (I) γ
f over all possible f , we obtain:
where P { f } is the probability to have a BT transmission in a particular frequency hop admitted by BT specifications [2] . We assume that f is uniformly distributed among all the allowed 79 hops of BT, thus P { f } = 1/79 and N f = 39, while the activity factor L wl is a function of the traffic offered by the interfering IEEE802.11g transmitter. Note that Equation (25) represents a meaningful indicator of the system performance taking into account noise, interference, propagation, FEC codes, frequencyhopping technique, traffic, and the diversity reception technique.
For different settings of system parameters (i.e., the interferer activity factor L wl , the useful and interference transmitted power levels P U and P I , and the diversity order N), from Equations (3), (4), (25) , and the path-loss law, it is possible to derive the required mean SNIR to obtain a given level of PEP (I) m and thus relate it to the distances ratio d I /d U .
In addition to the mean PEP, another relevant figure of merit for BT interfered by IEEE802.11g is given by the coverage probability, P cov , that is the probability that the PEP 
in the case of log-normal shadowing, that is S 2 U and S 2 I in dB are Gaussian with mean zero and variances σ UdB and σ IdB , respectively, we have
Then, we can rewrite the coverage probability as follows:
where m and P cov , the fast fading statistics, the diversity reception technique, and the path-loss law, we can obtain the tolerable value for C/I and the relation between distances d I and d U satisfying the requirements.
Numerical Results
In this section we derive numerical results for the proposed framework. At this point some parameter setting and assumptions have to be specified as a practical example for the general methodology.
Assumptions
According to References [20, 21] , we adopt, in the following, the path loss model hereafter reported: For what concern the combining technique, we assume that the SD combiner has the knowledge of the SNIR per branch and select the signal from the branch with strongest SNIR. # Thus from References [8, 12, 24] and assuming statistically i.i.d. fading levels among branches, the MGF for a N-branches SD receiver in Ricean fading channel (typical of an indoor environment) is given by:
where f γ (ξ) is the Ricean probability density function with Ricean factor K, given by:
0 otherwise # The MGF related to other kind of knowledge (e.g., useful signal power or addition of useful signal power with total disturbance power) can be found in Reference [22, 23] .
I 0 (·) denotes the modified Bessel function of the first kind and F γ (ξ) is the Ricean cumulative density function. It can be found that Reference [24] :
Finally, substituting Equation (31) in Equation (8), we derive the mean BLEP for a N-branches SD receiver and Ricean fading channel.
For the better performing but more complex case of N-branches maximal ratio combining (MRC) coherent receiver in Ricean fading we have:
dt is the marginal MGF of γ of a single diversity branch [24] . Hence, we obtain also the mean BLEP expression in case of MRC receiver by simply substituting Equation (33) in Equation (8).
Performance
Numerical results are presented for DM1 and DH1 BT packet types [2] in Rayleigh fading. For DM1 packets we assume, in particular, N c = 15, N b = 15, and t = 1, whereas N c = 120, N b = 1, and t = 0 for DH1 packets.
In Figure 2 , the asymptotical (large SNR, i.e., the system is interference-limited) PEP (I) conditioned to f (with | f | < 11 MHz) as a function of C/I is plotted for different diversity orders in case in both cases DH1 and DM1 BT packets type.
Note that the performance is strongly affected by the diversity order. Hence, for actual BT equipped laptops, where several integrated antennas could be placed in the back of the laptop screen, a reduction of battery power consumption or an extended communication range are expected by increasing N. For example, by fixing PEP (I) = 10 −2 for DM1 packets, a C/I about 21 dB is required for a single antenna system, while about 11 dB are required with N = 2 antennas. Figure 3 shows a comparison between SD and MRC diversity techniques. Due to coherent demodulation with MRC, we assume, in this case (for both SD and MRC), coefficients (a, b) equal to (0.47, 0.52) corresponding to coherent demodulation and in very good agreement with simulated BEP presented in Reference [25] . As expected, MRC outperforms SD; however a not negligible improvement in terms of PEP (I) can be obtained also from the adoption of a SD receiver increasing the number of antennas.
In Figure 4 , we reported the PEP (I) m /L wl for DM1 packets as a function of C/I for γ = 20 dB and approaching infinity, by varying the number of antennas, N. It is possible to jointly observe the effect of thermal noise (for γ = 20 dB) and interference, thus regions in which the system is noise-limited or interference-limited. Note also the significant performance improvement just using two SD branches instead of one. Figure 5 reports the coverage probability as a function of the desired PEP sufficient with two antennas. By increasing P U a distance d I less than before is required. Please note the presence of slope variation when distances assume the limit value of 8 m that represents a discontinuity for the assumed path-loss law in Equation (30). In Figure 7 , the joint effect on P cov of noise (γ = 20 dB) and interference can be observed as a function Hence, for a given value of mean SNR, the number of antenna branches fulfilling the given performance requirements can be found.
Conclusion
The work illustrates the impact of multiple antennas on the communication of BT affected by IEEE802.11g interference. We assumed multiple antennas at the receiver side of BT and we developed an analytical framework to derive the performance in terms of both mean PEP averaged over fast fading and coverage probability. The analytical model derived has the advantage of being quite general, allowing the evaluation of BT performance for different kinds of fading channels and combining techniques, by simply specifying the proper MGF at the combiner output. Due to the low-cost nature of BT equipped device, results are shown, in particular, for a SD noncoherent scheme, but also comparison with coherent MRC is presented. In particular, the improvement achieved through multiple antennas has been addressed in terms of both PEP and coverage probability. Note that the gain obtained can be exploited to extend the range of coverage or to save the BT terminal batteries.
